Premixed laminar combustion in closed vessels has been widely used for the determination of laminar burning velocities. A novel multiple burnt gas zone model has been developed to describe the different aspects of premixed laminar combustion in a closed spherical vessel. The mixture is divided into burnt and unburnt gases with the flame front as a discontinuity. Unburnt gases are assumed to be in a frozen chemical state. However, burnt gases are divided into a number of burnt gas zones. For the methane-air mixture the model is used to determine the temperature distribution within the burnt gas, the relationship between the pressure rise and mass fraction burnt, the variation of the combustion products with temperature and pressure, the spatial distribution of the gas density, the influence of elevated initial temperature, pressure and molecular structure. This computation allows for the variation in heat capacity of the constituents, and solves the equilibrium combustion equation for the ten major species (N 2 , O 2 , H 2 , CO, CO 2 , H 2 O, O, H, NO, OH). This eliminates some of the simplifications made by Bradley and Mitcheson (1976 Combust. Flame 26 201-17) or Takeno and Iijima (1979 7th Int. Colloq. on Gas Dynamics of Explosions and Reactive Systems (Göttingen, Germany) pp 20-4), such as the constant specific heat for the burnt and unburnt gases, incorporation of the flame front thickness, use of the Rankine-Hugoniot relation for finding the burnt gas state.
Introduction
The laminar burning velocity has been widely determined from pressure measurements in closed vessels [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . The advantage of measuring the burning velocity using the closed vessel method over other methods is that, from a single test, burning velocities can be calculated over 3 Author to whom any correspondence should be addressed. a wide range of temperatures and pressures. However, two conditions must be fulfilled for the correct determination of the burning velocities from this method. First, the pressure rise in the vessel due to combustion must be recorded correctly and, second, the equation used for the determination of the burning velocities should be valid throughout the range of pressure rise. Most burning velocity equations for the closed vessel have been found to be valid only in the initial stages of combustion (generally taken as P 1.1P i ) [1] . The two most widely quoted results are probably those of Lewis and von Elbe [2] and of Metghalchi and Keck [3] . Lewis and von Elbe [2] assumed that the mass fraction burnt is proportional to the fractional pressure rise. Metghalchi and Keck [3] divided the closed vessel into two zones, burnt and unburnt, but assumed a uniform temperature and concentration in each zone. They calculated the burning velocities using the conservation of energy and volume equations. It has been shown recently by Stone et al [5] that the differences between the results of Metghalchi and Keck [3] and the assumption of Lewis and von Elbe [4] are not significant for methane-air mixtures. However, Hopkinson in 1906 established that there is a temperature gradient in the burnt gas due to the consecutive nature of burning inside the closed vessel. O'Donnovan and Rallis [9] proposed its incorporation into an equation of the burning velocity for the closed vessel. However, contradictory results have been found when the temperature gradient is modelled (Bradley and Mitcheson [19] , Ryan and Lestz [16] , Metghalchi and Keck [7] and Hill and Hung [7] ). In view of this, a more novel and more rigorous multizone computational analysis has been undertaken in the present study to analyse the combustion process inside the closed vessel. In addition to predicting the combustion behaviour, the present multiple burnt gas zones model has been successfully used for the determination of the laminar burning velocity [1] .
Literature review
Computational studies, which model the combustion phenomenon inside a closed constant volume vessel are those by Bradley and Mitcheson [19] and Takeno and Iijima [20] . However, both aim to predict the rate of pressure rises as opposed to using the models for deducing the burning velocity from experimental pressure records.
Bradley and Mitcheson [19] were probably the first investigators to model flame propagation inside a constant volume spherical vessel. The approach taken by them was that of the conservation of the volume, which is made up of three volumes-unburnt, reacting and burnt gas. The fuel-air mixture inside the vessel is divided into n equal mass intervals dm u , and the flame propagation is seen as the consumption of these unburnt mass intervals. For the nth unburnt mass interval dm u,n , it first moves into the reaction zone with a temperature T u,n−1 , burns at the constant pressure P n−1 , and a proportion of the gas attains the ideal equilibrium temperature T f,n , for these conditions. This reaction increases the pressure and in the model this is assumed to follow the constant pressure combustion and to be isentropic. The pressure throughout the vessel becomes P n and the uniform unburnt gas temperatures becomes T u,n . At this stage the radius of unburnt gas is r b,n . Using the volume conservation equation, the total volume of the burnt gas at any instant of time is calculated by summing up the n intervals. Equilibrium temperatures of the individual mass decrements are computed from the JANAF thermochemical data. The variation of the burnt gas temperature showed an asymptotic behaviour at the instant of peak pressure. A difference of nearly 500 K is obtained between the first burnt mass element and the last, on the completion of the combustion process inside the vessel. Bradley and Mitcheson [19] concluded that modelling the burnt gas temperature distribution with a multizone model led to a slightly higher final pressure over a single burnt gas zone model. This work of Bradley and Mitcheson [19] used constant specific heats for the calculation of the burnt and unburnt gas properties and flame front thickness. This study through computer simulation showed some insight into the combustion phenomenon inside a spherical bomb, due to the consecutive nature of combustion. However, the method of analysis was not used to derive the burning velocity from experimental pressure records.
Takeno and Iijima [20] outlined a model of flame propagation in a closed vessel based on a quasi-steady flame surface model. In the analysis, the thermodynamic aspects are completely decoupled from the gas dynamic aspect. In the thermodynamic analysis, the state of the burnt and unburnt gas temperature and peak pressure is determined. The state of the unburnt gas is determined as a function of pressure. The state of the burnt gas element is determined, by first finding its state just behind the flame front using the Rankine-Hugoniot relation. The subsequent state of this element at any pressure is then determined by making the equilibrium calculation in which the entropy is kept constant at a value just behind the flame front. The peak value of the pressure is determined by numerically solving the equation for volume conservation. The total volume at any instant of time is assumed to consist of the unburnt and burnt gas. In the gas dynamic analysis, the overall mass conservation equation is solved in conjunction with the mass continuity equation to obtain a time-dependent differential equation for the pressure, unburnt gas and burnt gas particle positions. The results obtained by them include an instantaneous spatial distribution of temperatures, density, velocity, flame trajectory and particle path lines and a burnt gas temperature profile.
Multizone model and assumptions
The modelling here is for a rigid closed spherical vessel of one-dimensional geometry. The vessel is filled with combustible mixtures. The mixture is ignited at time t = 0 at the centre of the vessel by the two electrodes. As a result of ignition, a symmetric flame is established instantaneously, and begins to propagate in the outward direction to reach the walls of the vessel at the termination of the process. The following assumptions are made in the analysis of the combustion inside the vessel.
1. The unburnt gas is initially at rest and has a uniform temperature, pressure and composition. 2. The flame front (the visible part of the reaction zone) and a thermal boundary layer (the preheat zone) are of negligible thickness and the gas within the bomb consists of a burnt fraction x and an unburnt gas fraction 1 − x. 3. The pressure is assumed to be uniform across the bomb. 4. When the vessel is divided into multiple zones, the zone that is currently being burnt will contain burnt and unburnt gas, separated by the flame front. The burnt gas in each zone will be at a different temperature and thus have a different composition, and the unburnt mass fraction 1 − x is in local thermodynamic equilibrium. 5. The gases are assumed to behave semi-perfectly. 6. There is no heat transfer within the burnt gas volume.
Using the above assumptions a mathematical derivation of the first-order ordinary differential equations for the pressure and the burnt and unburnt gas temperatures is carried out for the single burnt gas zone model. The derivation is done by first dividing the mixture into single burnt and unburnt zones separated by the flame front of zero thickness. The single burnt zone is then extended to multiple zones, which enables the incorporation of the burnt gas temperature gradient in the model. At any instant during combustion, the contents of the closed vessel consist of the burnt and the unburnt gases separated by the flame front of zero thickness. The equations for the conservation of volume and internal energy are given by equations (1) and (2):
Where v is the specific volume, V is the volume of the vessel, M is the mass, E is the internal energy, x is mass fraction burnt, v u and v b are unburnt and burnt gas specific volumes, respectively, e u and e b are the unburnt and burnt gas internal specific energies, respectively, P is the pressure, S u,o entropy of the unburnt gas and T b is the burnt gas temperature. The formulation of the equations is based on the approach adopted by Ferguson [21] , the above two equations are solved as a set of ordinary differential equations for the rate of change of pressure and burnt and unburnt gas temperatures for a single burnt zone. These differential equations have been extended to the multiple burnt gas zones for the multizone analysis. The differential equations for the pressure and unburnt and burnt gas temperatures are given by the following equations:
Where,
Where h is the heat transfer coefficient,Ā is the inside area of the spherical test vessel, h u is the specific enthalpy of the burnt gas, h b is the specific enthalpy of the burnt gas, C p,u is the constant pressure specific heat of the unburnt gas, C p,b is the constant pressure specific heat of the burnt gas, M is the total mass of the mixture, t is the step, T w is the wall temperature of the test vessel, T u is the unburnt gas temperature and T b is the burnt gas temperature.
For the multizone analysis, the above equations are extended to N zones. Now, N + 3 equations need to be solved simultaneously. The extension of the single burnt gas zone to multiple zones is done in the following manner:
where
where n is the zone number, which varies from n = 1, 2, . . . , N number of total zones. To solve these equations, a BOMB program was evolved based on the work of Raine et al [24] at the Oxford Engine Group.
Burn rate laws
The mass inside the spherical vessel is divided into multiple zones. The zones are divided so that they consist of equal masses or equal radii. In the equal mass zones model (hereafter called the EQM model) every zone consists of the same mass, and in the equal radius zones model (hereafter called the EQR model) every zone has the same increase in radius. The EQM and EQR models are shown in figures 1 and 2. Each individual zone is then further divided into a number of elemental shells equal to the number of steps/zones. For example, in each zone in the 10 zones and 200 step model the 20 elemental shells are consecutively consumed and the flame propagation is seen as the consecutive consumption of these elemental shells. The burn rate laws adopted in the present study to represent linear (EQM) model and cubic (EQR) model as represented in figures 1 and 2 are given by the equations (18) and (19) , respectively:
where θ is the step number, which varies from 1, 2, 3, . . . , t number of total steps. x(1/t) is the elemental mass fraction burnt within the shell within the elemental time of t, x θ is the mass fraction burnt at the step number θ, where x varies from 0 to 1 and x 0 = 0. At the start of the ignition, the consumption of the very first or the inner-most elemental shell (θ = 1) inside the 1st or the inner-most zone takes place at the initial temperature of T u,θ (= T i ), a constant initial pressure P u,θ (= P i ) and an initial radius r i (figure 2). As a result, a step increase in the temperature of the shell takes place: this value is T u,θ +1 ; which leads to the expansion of the shell from R f,θ to R f,θ +1 , and the movements of the boundaries of the zone 1 and the remaining zones in the outward direction, where R f,θ +1 is the radius of the shell after the expansion of the mass fraction enclosed within the elemental shell . The expansion of the shell compresses the remaining shells (or unburnt gases, when considered as a single entity) and increases the pressure to P u,θ +1 . Before the consumption of the next shell (θ + 1), the pressure is assumed to become uniform throughout the vessel at P u,θ +1 and the shell (θ +1) is then consumed at pressure P u,θ +1 , with the temperature of the unburnt gas being T u,θ +1 . The expansion of this shell takes place both in the outward and inward directions, which increases the zones radii in the outward direction but adiabatically recompressing the burnt shell and hence increasing the temperature inside the shell. When all the shells of zone 1 are completely consumed, zone 1 then moves into the burnt gas region which is now considered as a single entity, and instead of taking the adiabatic recompression of the individual shells, the adiabatic recompression of the whole zone and the variation in its mean bulk temperature due to the expansion of the shells inside the subsequent zones is modelled. This establishes a temperature and density gradient inside the burnt gas region zones. There is no difference in the zone and shells when the numbers of zones are taken to be same as the number of shells. However, we have found that modelling the whole burnt gas zone instead of the individual shells leads to satisfactory results.
At every step, the flame front radius and burnt gas volume is determined using the following equations:
where V is the volume of the vessel, R is the radius of the spherical vessel and R f is the flame radius; for θ = 1, P u,θ −1 = P i and T u,θ −1 = T i . The volume of the individual zones can be traced using similar equations. At the time of the consumption of the nth zone, i.e. when the elemental shell θ is within the nth zone:
where V n,θ is the volume of the zone n when shell θ inside it is consumed. At every step the BOMB program gives as an output the unburnt gas volume, which is divided according to the burn rate law to obtain V at every step. Where ω = {n * (t/N )−θ } is the number of remaining elemental shells inside the nth (n = 1, 2, 3, . . . , N number of zones) zone when the θth elemental shell is burning inside it.
At the time when the flame front has completely consumed the zone, i.e. when the zone is within the burnt gas region:
where V b,i,θ is the volume of the burnt zone i = n − 1, n − 2, . . ., at the time when step θ is consumed inside the nth zone in equation (22); and P θ , V b,i , R b,i , T b,i and m b,i are the pressure, burnt gas volume, gas constant, temperature and mass of the nth burnt gas zone, respectively.
The BOMB program uses the Toronto University IVODE [25] differential equation solver for the solution of the ODE. The input and output of the BOMB program are given in the appendix. Since the burnt gas in each zone will be at a different temperature, they will thus have a different composition. At each temperature the composition of the burnt gases is solved for the equilibrium of the following combustion products: CO, CO 2 , H 2 O, H 2 , H, OH, O, N 2 , NO and O 2 . The equilibrium combustion calculations are solved by the minimization of the Gibbs free energy, using a routine written by Ferguson [21] . The gases are assumed to behave as semi-perfect gases, and the internal energy, entropy and specific heat capacities are calculated from polynomial functions that describe the specific heat capacity variation with temperature. As the specific heat capacity variation with temperature has a 'knee' between 900 and 2000 K, a single polynomial is never likely to give a satisfactory description. Instead, two polynomials can be used which give identical values of specific heat, at the transition between the lower range and the higher range. The data used here are from Gordon and McBride [22] , who used a transition temperature of 1000 K. At every step, the BOMB program outputs the
parameters as shown in the appendix.
Model results
A parametric study was made for the flame front propagation and zone size, final radial temperature distribution across the vessel, the temperature and pressure variation inside the vessel, the influence of the burnt gas temperature gradient on pressure, errors in the mass fraction and burning velocity at the initial elevated temperature and pressure, and the effects of equivalence ratio on pressure and temperature.
Final temperature distribution
At the instant of the end of combustion in a spherical vessel, the radial temperature distributions for the EQR and EQM models are shown in figure 3 . It is seen from the figures that with the increase in number of zones the shape of the temperature profile becomes the same. It might be thought that a very large number of zones would give the most accurate prediction. However, only very slight differences were found in the burnt temperature distribution profile when the value of the number of zones was increased from 20 zones to 50 zones. This is shown in table 1. Therefore, a finite number of zones can give a sufficiently accurate analysis of the phenomenon.
The effect of step size on the end pressure for the fifty-zone model is presented in table 2. It can be seen from the table that with an increase of steps from 200 to 1000 a very small change in the end pressure takes place. To get sufficiently accurate results and to reduce the run time of the simulation, it was decided to use 10 zones and 200 steps for all further investigations.
In both the EQR and EQM models, temperatures are highest at the centre of the vessel and decrease towards the wall of the vessel. The temperature difference obtained between the first and the last zone for the 20-zone case is more than 450 K for both the EQM and EQR models. With an increase in the number of zones, the temperature profile becomes smooth. Takeno and Iijima [20] is shown in figure 4 . It can be seen from figure 4 that the shape of the temperature profile with the change in percent of radius is the same as that obtained by Bradley and Mitcheson [19] and Takeno and Iijima [20] . However, it was found that the temperature profile obtained by these investigators gives a relatively higher temperature in comparison to that obtained in the present study. This could be due to the errors associated with the use of burn rate laws and the methods of analysis used by these authors.
In the present study, the EQM zone and EQR zones model have been used and were found to give very close agreement for the final temperature in the first zone at the end of combustion with the temperature predicted by STANJAN [22] . Therefore, these models can be used for the calculation of the burning velocities inside a closed vessel. Figure 5 gives a greater physical insight to combustion inside the bomb with respect to how the radius of each zone varies during the propagation of the flame front. As the flame front travels through the combustion bomb, each zone burns in succession. It can be seen from figure 5 that as the flame front travels through each zone an increase in the radius of that zone takes place. This is due to the expansion of the products of combustion immediately behind the flame front. And when the flame front has passed the zone, which is indicated by the maximum radius of a particular zone, recompression of the zones takes place due to the expansion of the next zone. Due to the recompression, a decrease in the radii and hence the volume of the burnt zones takes place. This results in an increase in the temperature of the burnt gas zones, which establishes the radial burnt gas temperature gradient. No change in the radius of zone 10 takes place as it represents the wall of the vessel. Figure 6 shows the density variation of the burnt gas zones for a spherical vessel test run. The bold line indicates the variation in 'flame front' density (the density immediately behind the flame front, ρ f ). It can be seen in figure 6 that the flame front density increases with a simultaneous increase in the pressure and temperature of the unburnt gas. Takeno and Iijima [20] had applied this flame density in their model for the calculation of the burning velocity. However, the density of the burnt gas is significantly different from the flame front density due to the recompression of the burnt gas. This is seen in figure 5 , which shows how the recompression of the burnt gas zones causes an increase in the zone density. The maximum change in density due to recompression is in zone 1, as it undergoes the maximum recompression from 1 to 1 * . Similarly, zone 2 undergoes a density variation from state 2 to 2 * , zone 3 from 3 to 3 * and so on. No density variation is observed in zone 10. Most investigators have either used the average density [3-7, 9, 15] or the flame front density (8, 20) in their model for the determination of the burning velocity. It can be seen from figure 6 that a density gradient is established in the burnt gas region due to the subsequent expansion of the unburnt gas. Figure 7 shows the variation of the burnt gas products with pressure. Pressure and temperature are coupled in closed vessel combustion. It can be seen from the figure that the mole fractions of H 2 O and CO 2 decrease with the simultaneous increase in temperature and pressure, while those of other species increase. This could be due to the different dissociation rates of the species at varying temperature and pressure conditions. Figure 8 shows the variation of the temperature of the unburnt gas and burnt gas zones. As combustion starts, the temperature in zone 1 increases from an initial temperature and pressure of 298.15 K and 1 bar, and as a result zone 1 expands. This expansion compresses and hence increases the temperature of the remaining unburnt gas. The flame front starts consuming zone 2 at a temperature higher than the unburnt gas in zone 1. As the flame consumes zone 2, its temperature jumps from the position 2 to 2 . The recompression of zone 1 and zone 2 to the higher temperatures 1 * and 2 * , respectively, takes place due to the expansion of the subsequent zones. The curve connecting points 1-10 indicates the adiabatic compression of the unburnt gas. The curve connecting points 1 -10 indicates the variation of the flame temperature of the various zones immediately after each has started to burn. From the curve joining 1 -10 it is seen that the flame temperature increases with the increase in pressure. However, it can also be seen that the slope of the curve joining 1 -10 is smaller then that of the curve joining 1-10, indicating that the combustion temperature rise decreases with the increase in pressure. This is -1 Figure 9 . Pressure against specific volume histories across the vessel for the 5-zones equal radii (EQR) model. because of increased dissociation at higher temperatures. However, the slopes of the curves joining 1 -1 * , 2 -2 * , 3 -3 * etc are greater than those of the curve joining 1-11, indicating that a greater temperature rise takes place in the zones due to recompression in the burnt gas region than due to compression of the unburnt gas. It can be seen that for zone 10, the temperature rise due to compression in the unburnt gas is about 80 K, while the rise due to the recompression in the burnt gas region of the zone is about 450 K in the EQR model. However, the slopes of all the zones are not the same. Curve 1 -1 * has the highest slope and the curve 10 -10 * , the lowest. Also, the differences 1
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* etc, indicate that the first zone attains the highest temperature due to the largest recompression and the last zone is at the lowest temperature as no recompression of it takes place.
The cause of the radial and temperature variation of the zones in the burnt gas region (as obtained in figures 3 and 8 ) can also be explained with the help of the pressure versus specific volume history for each zone. This is shown in figure 9 . The first zone burns and expands from a to b at an almost constant pressure. As a result of its expansion, zone 1 does some work on the remaining unburnt gas. This compresses the unburnt gas between a and c. Therefore, the combustion in zone 2 starts at a higher pressure i.e. at point c. When zone 2 expands between c and c , it does more work than zone 1. This results in the recompression of zone 1 from b to c * , and that of the remaining unburnt gas from c to d. Therefore, zone 3 burns at a pressure higher than that of zone 2, and does more work than zone 2 when it is made to expand from d to d . Zone 3 recompresses zone 1 between c and d , zone 2 between c and c and the remaining unburnt gas between d and e. This process continues to repeat itself until the last but one zone is burnt. When the very last element of gas is burnt, it is almost at the maximum pressure reached so when it expands, the amount of work done is much higher than the previously burnt zones. Since, no recompression of the last zone takes place, it results in a net loss of energy. Hence, the process leaves it at a lower temperature once combustion has occurred, in comparison to the first zone. The recompression work done on the first zone is larger than the expansion work done by it, this results in the increase in its energy and leaves it at the highest temperature. Figure 10 shows the variation of the pressure with the mass fraction burnt. A comparison of this variation with that of the Lewis and von Elbe [2] expression is also shown. It can be seen from figure 10 that the pressure variation with the mass fraction obtained in this study is non-linear, and this is contrary to the assumed linear variation of Lewis and von Elbe [3] . Takeno and Iijima [20] also obtained a linear variation of the mass fraction burnt compared to the pressure rise. However, from the present study it can be seen that throughout the process there is an overestimation of the pressure if a linear relationship is used, and the error is a maximum during the central part of combustion. Figure 11 shows the percentage of error in pressure with the varying mass fraction burnt. It can be seen from figure 11 that the error is at a maximum between mass fractions of 0.1 and 0.2, burnt for all the equivalence ratios. The maximum error is found to be for stoichiometric combustion (nearly 5%). It can be seen from figure 11 that the error is a minimum for the equivalence ratio 0.6. However, the error for the equivalence ratio 1.2 is greater than for 0.8, and the error for equivalence ratio 1.4 is greater than for 0.6.
Influence of the burnt gas temperature gradient on pressure
In figure 3 , it was seen that in the burnt gas a temperature gradient exists in a spherical vessel combustion, a fact established by Hopkinson in 1906. In the present analysis, a temperature difference of more than 450 K is found to exist at the end of combustion for the stoichiometric methane-air mixture. Also, a considerable temperature difference is found to exist between the predictions made by a single zone model and the multiple zones model. Figure 12 shows the variation of the final temperature in the first-and last-burnt zones for the 10-zone model. It is seen that the difference is around 500 K.These differences can become higher for the fuels that undergo large mole changes during combustion or if they have higher adiabatic flame temperatures. [19] , Metghalchi and Keck [3] , Ryan and Lestz [16] and Hill and Hung [7] have reported contradictory results when the temperature gradient is modelled to study its effect on the pressure and hence on burning velocity. With the present multizone modelling, this effect can be easily studied and the effect of the burnt gas temperature gradient on the pressure can be decoupled. For methane, the variation of end pressure with the number of zones was shown in table 1. It can be seen from the table that with the increase in number of zones from 1 to 30, a reduction in the final pressure takes place. Results obtained in the present study show that the burnt gas temperature profile has definite effects on the end pressure for methane, and the studies of this effect on the higher hydrocarbon fuel are shown in figure 13 . It can be seen from the figure that the percentage of maximum error in pressure is methane > benzene > propane > isoctane, when a linear relation is assumed between the pressure rise and the mass fraction that is burnt. Figure 12 . Variation in the difference in the final temperatures between the first and the last zone with the equivalence ratio in the 10-zones model with initial conditions of 298 K and 1 bar for methane-air for the EQR model. t Figure 13 . Effect of molecular structure on the error in pressure when a linear relation is assumed between the pressure rise and the mass fraction burnt for the initial conditions 298 K and P i = 1 bar for a stoichiometric mixtures in the EQM model.
Bradley and Mitcheson
The effect of varying equivalence ratio
Variations of equivalence ratio have a profound effect on the properties of the burnt and unburnt mixtures. Varying the equivalence ratio gives a further insight into combustion inside the spherical vessel. Using the multizone model, figure 14(a) shows the effects of the equivalence ratio on the end pressure. It is seen that the pressure curve peaks on the rich side of stoichiometric in the range of the equivalence ratios 1 to 1.1. This can be related to a maximum in the adiabatic flame temperature. Since, for most hydrocarbon fuels the flame temperature peaks on the rich side of the mixture, as in the rich mixture system there is greater oxygen utilization, and the mean specific heat of the products is lower, owing to the formation of more diatomic molecules in comparison to the triatomic molecules in the fuel lean side. This is demonstrated in figure 14 (b), which shows that at φ = 1.2 attains a higher temperature than that at φ = 0.8, although both are equidistant from being stoichiometric. The adiabatic flame temperature for a methane-air mixture with an equivalence ratio of 1.2 will be higher than when the equivalence ratio is 0.8. However, with the weaker mixture the ratio of heat capacities (γ ) will be higher. Thus, when the inner zones are compressed by the combustion of the subsequent zones, then with a weaker mixture the early zones will be compressed to a higher temperature.
In other words, higher pressure and temperature conditions are observed on the fuel-rich side of stoichiometric than on the fuel-lean side
Burning velocity
The multizone model has been implemented for the determination of the laminar burning velocity from the spherical vessel pressure history [1, 26] . A 10-zone EQM model was selected, in which the burnt gas is divided into zones of equal mass. A post-processing computer program BURNVEL was written to determine the burning velocity and other properties of the mixture at every time step. In order to determine the burning velocities and other properties of the fuel-air mixture, the BURNVEL program takes the output files of the BOMB program and files from the experiments. A centrally ignited spherical test vessel of 16 cm diameter was used for obtaining the pressure time test data. A detailed description of the experimental test facility used for obtaining the pressure time data is provided in [1, 26] . The appendix gives the flow chart for the determination of the burning velocity using BOMB and BURNVEL programs. The burning velocity is calculated using the following expression:
S u = dp dt dr i dp r i r b
where the first term on the right-hand side, dp/dt, is calculated from the experimental data file. The second term, dr i /dp, is calculated from the BOMB program. Where,
It has been found in the present study that there is a non-linear relationship between the mass fraction burnt and pressure rise, which contrasts with the linear relationship assumed by the Lewis and von Elbe [2] . As seen in figure 11 the error in pressure due to this is up to about 6% and the error is a maximum for stoichiometric conditions. Also, Clarke [6] Figure 15 shows the burning velocity, as determined from the multizone model of 10 zones and 200 steps and from the Lewis and Von Elbe method [2] , for a stoichiometric methane-air mixture at the initial conditions of 298 K and 1 bar. It can be seen from the figure that the burning velocities from the Lewis and Von Elbe [2] method are lower than those given by the present multizone model. The difference in the burning velocities with the simultaneous increase of pressure and temperature is found to be around 5-6%. During the initial stages of combustion, the flame front has high values of flame stretch due to the large curvature that is associated with a small spherical surface. However, in a spherical vessel the radius of curvature increases and the flame stretch approaches zero asymptotically, and the ideal case for the flame front is approached. The flame stretch effect is ignored in the present study and the justification for this is provided by Stone et al [5] .
In practice, the flame front (the visible part of the reaction zone and preheat zone) that extends into the unburnt gases, is treated as a discontinuity across which the change from unburnt to the burnt gas takes place, Matalon and Matkowsky [27] . Most investigators have considered this discontinuity as a shell of negligible thickness, e.g. Hill and Hung [7] and Stone et al [5] . However, some investigators have tried to apply a correction due to the flame front thickness. Rallis and Garforth [11] argued that the mass of gas contained in the spherical flame front, particularly at the early stages of combustion can account for a significant proportion of the mass of burnt and unburnt gases in it. They supported this argument with the work of Andrews and Bradley [28] , who used the flame front thickness correction in the calculation of the burning velocity. Andrews and Bradley [28] found that the thin flame equation when used for the calculation of the burning velocity is in error by as much as 22% for a flame radius of 25 mm at P i = 1 atm and T i = 300 K. They reported that Dixon-Lewis [29] and Janisch [30] have measured the profile of a stoichiometric methane-air flame at 1 atm and obtained a flame thickness of 0.75 mm and 1.1 mm, respectively. Garforth and Rallis [11] , however, showed that the correction for methane-air mixtures was not as large as suggested by Andrews and Bradley [28] . They argued that the flame front thickness is inversely proportional to the pressure. Thus, with the increase in pressure, the flame front thickness decreases further. Metghalchi and Keck [4] calculated the correction due to the preheat layer ahead of the reaction front and found it to be substantially less than 1%. The justification for treating the flame front as a thin shell of negligible thickness is also discussed by Hill and Hung [7] , who found that the volume occupied by the flame front in the spherical vessel combustion is of the order of 0.1% of the chamber volume. Thus, the flame itself can be satisfactorily represented by a thin discontinuity. More recent work by Göttgens et al [31] shows that for equivalence ratios richer than 0.6 and for pressures above 1 bar, the preheat zone is always less than 0.6 mm and its radius reduces rapidly with increasing equivalence ratio and pressure, and the reaction zone is of similar thickness to that of the preheat zone. Also, the flame front is taken to be of negligible thickness because results presented by Stone et al [5] using this assumption show that the burning velocity data of methane-air mixtures plotted at 1 bar are in agreement with measurements from two alternative methods.
The pressure distribution through a flame front is considered as uniform. Recently, Hill and Hung [7] have observed that since all particle velocities are very much lower than the speed of sound, and any pressure difference associated with particle acceleration is very small compared to the pressure rise due to combustion. The assumption of spatial uniformity of pressure is therefore reasonable for the laminar burning velocity and is not expected to introduce any appreciable errors.
The assumption is made for both the burnt and the unburnt gas, that there is no heat loss or gain from these regions. However, Rallis and Garforth [11] observed that transfer of heat may occur during the combustion process by radiation from the burnt gas to the unburnt gas and to the containing walls; and by conduction from the unburnt gas to the wall; and by conduction along the spark electrodes. Experimental investigations have been carried out to quantify these losses by numerous investigators such as Metghalchi and Keck [4] , Rhodes and Keck [15] and Clarke et al [6] . Metghalchi and Keck [4] examined the effects of the heat losses to the walls of the spherical vessel from the steadily compressing unburned gas, heat losses to the electrode from the burned gases, and the radiative heat losses due from the burnt gases. They found that corrections for these losses in no case exceeded 1% and in most cases and were substantially less than 1%. Rhodes and Keck [15] and Clarke et al [6] inserted two dummy electrodes in the spherical vessel and for the methane air mixtures at P i = 1 atm and T i = 298.14 K there was no observable difference in the combustion with and without the dummy electrodes. Hill and Hung [7] have examined the radiative heat losses from the burnt gas region of methane-air mixtures at stoichiometric conditions and found that radiation emitted from the burnt gas was mostly absorbed by the chamber walls. They, proposed that it is therefore, reasonable to assume that the bulk of the unburnt gas is compressed adiabatically and the energy radiated from the unburnt gas region will be of the order of 1% of the heat of combustion. Clarke [32] has examined the adiabatic compression of the unburnt gas during the combustion process inside the spherical vessel by evaluating the heat transfer to the vessel walls using a surface mounted, thin film platinum resistance thermometer. From the temperature-time history the heat flux into the wall was calculated. For the stoichiometric methane-air mixtures at P i = 1 bar and T i = 298.14 K, he found the total errors in the pressure measurement due to the losses from the heat transfer to be less than 0.01%. Clarke [32] concluded that the compression process of the unburnt gases during the combustion inside the spherical vessel could therefore safely be treated as adiabatic.
Conclusions
A novel multizone model has been used to study the combustion process inside a closed vessel. It is observed from the present study that:
1. A 10-zone and 200-step model gives an accurate description of combustion inside the spherical vessel. 2. A temperature difference exists between the first-and the last-burnt gas zones. For methane and air fuel mixture this difference is as large as 500 K. 3. Earlier studies of Bradley and Mitcheson [18] and Takeno and Iijima [19] over-predict the end pressure and temperature distribution. 4. The relationship between the pressure rise with the mass fraction burnt is non-linear. The errors associated with the linear assumption peak at 0.1-0.2 mass fractions burnt for any equivalence ratio burnt. The maximum error is found to be at stoichiometric. 5. The error decreases with an increase in molecular structure. 6. The burnt gas temperature profile has an effect on the end pressure for methane and the error due to it can be as large as 5%. 7. A multiple burnt gas zone model has been successfully implemented for the measurement of laminar burning velocities. 8. At any temperature and pressure conditions, burning velocity measured from the Lewis and von Elbe [2] method is found to be lower than burning velocities measured from the multiple zones method. 9. The difference in burning velocities as measured from the spherical vessel using multiple burnt gas zone model of the present study and Lewis and von Elbe [2] method is found to be around 5-6%.
